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VERSATILE EXPERIMENTAL KEVLAR ARRAY HYDROPHONES:
USRD TYPE H78

INTRODUCTION

The Naval Ocean Research and Development Activity (NORDA) and the NRL Acous-
tics Division jointly tasked the NRL Underwater Sound Refrrence Detachment (USRD? to
develup and construct prototype hvdrophones and associated electronics for the Versatile
Experimental Kevlar Array (VEKA I-A). The array program is a use of the cable tech-
nology provided by a program sponsored by the Naval Facilities Engineering Command
during FY-1971 through FY-1 975 {1]. A major objective of VEKA is to provide a wide-
aperture disiributed-scnsor cable systém with increased reliability, versatility, and perform-
ance using a free-flcoded, lightweight, torque-free, compliant cable with hydrophones

specifically designed for the cable environment when they are made an integral part of the
cable during fabrication.

This report presents in detail the design considerations, tests, and evaluations con-
ducted to provide a hiydruphone design for VEKA 1-A. Several milestones in the hydro-
phone development program are described in detail. Many of the developments were not
used in the array hydrophones, even though tlhiey were deemed necessary at. certain phases
of the development prograin by the sponsors. They are reported here, however, because

they constitute a significani part of the development effort and can have an impact on
future hydrophone designs.

Milestones of the hydrophone development program were: design of a low-noise pre-
amplifier system cajable of driving 9200 m of cable in either a voltage or cuirent mode
(two-wire system), application of hybrid microclectronic circuits to low-neise hydrophones,
design of a unique remote switching vircuit te provide calibration funictions for a two-wire
preamplifier system, desige of » emique calibration circuit which employs arn optical isolator,
and development of a low-cost expendable hydrophone for future VEK A considerations,

Figure 1 shows the arrey cahie and sensn. » of the VEKA 1-A in schematic form. Thirty-
two USRD type H78A hydrophones spaced at 10-m intervals constitute the main acousiic
array. Three enginecring sensor stations (one at the top of the array, one at the center, and
one at the bottom) provide pressure and te  perature monitoring. The station housings were
designed by USRD, and the pressure transducers and thermistors were provided by NORDA.
At the lower end of the array are six experimental hydrophones for evaluation for future
arrays. Some of the experimental hydrophones were designad by USRD and are described in
subscquent sections of this report. All of the hydrophcnes and the engineering stations ase
mounted coaxially within the Kevlar main-array cable, with earh being enciosed by 2
siooth bulge in the polyester overbraid. Figures 2 and 3 show the array deployed in vertical
and horizontal configurations respectively. The Kevlar main-array cable and umbiiical
were designed, developed, and provided Ly NORDA and contracters [2].

Manuscript submitted November 8, 1978,
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Fig. 3 — Horizontal configuration of the array

GUIDE SPECIFICATIONS FOR VEKA I HYDROPHONES

Guide specifications provided by the program sponsors were as follows. The environ-
mental requirements were:

it mm———— ™ =R

Pressnre capabilily: 0 to 68.9 MPa,
Temperature range: -4 to +40°C.

The acoustical-electrical requirements were:

Sensitivity: —186 dB re 1 V/uPa open<ircuit crystal sensitivity or better,
Frequeicy response: 0.5 dB from 2 Hz to 2 kHz or higher,

Directivity: umnidirectionai within 0.5 dB over the frequency range,
Acceleration response: canceling along the vertical exis,

Preamplifier: may have unity gain or greater, and the output must be able 1o drive
9200 m of No. 24 AWG wire,
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Equivalent noise pressure: 10 dB less than Knudson's sea-staie-zero over the frequency
range, with the Jow-frequency range as yood az ur bet-
ter than the plot shown in Fig. 4,

Dynamic range: 60 dB or greater,
Calibration circuit: calibration capability must exist by njecting a signal intu the input

of the preamplifier on a separate calibration iine, by sending the
signal on the power line, ot by an internally generated signal.

The mechanical requirements were:
Mass: 0.48 kg or less in water,
Maximum length: 10 cm,
Maximum diameter: 3.8 cm,
Preamplifier location: accessible for modifications as necessary,

Cables and connectors: 15 to 20 cm lorg with single-pin male Mecca-type connectors.
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The array design required the hydrophones to be mounted coaxaally within the cable
without damaging the strength members of the cable or the electrical conductors, The de-
sign also required that the hvdrophones not be subjected to compressive forees as aresult of
tension or bending i the cable, During deployment of the array the hydrophone must be
able to pass over a 1. 2-m-ham sheave with a tension as high as 1450 N in the cabie without
damage to the hydrophone or the cable.

The order in which the items appear in this specification is not an indication of their
relative importance, Other reguirements that are not explicitly stated are important, such as
g operational lifetime and sufficient ruggedness to withstand field use under adverse cir-
cumstances. Low cost was also considered a requisite, because many hydrophiones are

needed for the array and for possinle future VEKA arrays.

ACOUSTIC CONSIDERATIONS IN THE SENSOR DESIGN

In the design of a small deep-submergence noise-measuring hydroplhone for the infra-
sonic and low-audio frequency range, three hydrophone characteristices, sensitivity, depth
‘apability, and self-noise, are usually the key parameters. The exact natures of these
paraneters are deteimined by the material selected for the sensor and its configuration. 1t is
generally understood in the art that the sensitivity and depth capabilivies are detenmained by
the sensor material and its configuration, Not so well understood is that the self-noise of a
hydrophone is also lurgely determined by the sensor, particularly so when a modern low-
noise JEET is used for the input stage of the preamplifier. ‘The sensor < ontributes (o the
noise of the system by the amount of impedance loading on the first stage of the preampli-
fier. Ideally the sensor material and its configuration must have characteristics that give
good sensitivity, must be able to withstand high hydrostatic stress without significant
change in sensitivity, and muast have sufficient capacitance to impedance-load the vreampli-
fier input stage to reduce the self-noise to a minimum.

Sensor Material

Lithium Sulfate

Lithium sulfate would usually be an excellent choice for use as the sensor material in
this application because of its good sensitivity as a volume expander, its stability wicth time,
its outstanding depth capability, and its predictable characteristics [3,4]. But the velume of
material required to provide adequate capacitance and the cost of the material itself prohibit
its use in this design. Appendix A contains calculations of she sensitivity and capacitance of
lithium sulfate.

P
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Lead Metanobate

Following lithiuny sulfate the neat best sensor material with stable characeteristicos in
high -pressure appheations is lead metaniobate, Measurements made at USRD indieate that
lead metaniobate will decrease in sensitivity about 1.5 dB at pressures to 68.9 MPa |5].

The only practical cenfiguration for a lead-metaniobate sensor is a disk, a rectaneuluar
plate, or a length-polarized eyvlinder because of its low .y, Dlezoeleetric constant. Radially
polarized cyiinders and spheres are t4y dependent configurations and thus are jnipractical
configurations for the material.

A dish 1.85 em thick opertting in a hydrostatic mode would have Zhe requirec. mini-
mum sensitivity given in the guide specifications; however, it would b too thick and prob-
ably could not be adequately polarized. Two disks 0.93 ¢m thick would have to be bonded
together in zeries for the required thickness, Eight crystals bonde:d together in a series-
parallel combination would have a sensitivity of ~186 dB re 1 Viula, and if they were 2.5 to
3 emin diameter, the capacitanee would range from 2:10 to 340 pF, depending on the  xact
diameter, A eapacitance of 500 to $0G pF would be more desirable for this application and
would lower the noise floor about 6 dB [6] below the neise of a 240-t0-340-pI° sensor. ‘The
total length of the assembled stack would be 7.4 em, which takes up 7-1% of the allowavle
length for the hydrophone and leaves on'v 2.6 em for the preamuplifier end cable coniec-
fions, Lastly | the cuet of the fead metanwobate materiai would be about 3 times or more that
of lead zirconate titanate erystal, Thus, because of low capacitance, marginal sensitivity,
space hmitations, and cost, it was deciaed that lead metaniobate was not practical for this
desgn. Appendix A giv s an example of sensitivity and capacitance calculations.

Lead Zirconate Titarate

Good sensitivity, low cost, and hugh dielectrie constant are the general characteristics
of a fanily ol piezoelectric materiels of lead zirconate titanate composition. Some of these
matertals are defined by MIL 8T 1376 (SHIPS) [ 7] as Navy type 1, 1L, and 1l compositions,
There is iittle difference i the piezoelectric constants of these materials; therefore the
sensitivity for a piven confyuraticn will be about the same. The primary consieerations in
their use are pressure stability and dielectric constants. The type 11 material has the highest
Jielectriz constant bu* is not suitable for high-pressure apphcations. ‘The type I material has
a moderately high dielectric constant and has been uscd with good results in a spherical
configuration at hydrostatic pressures to 63.9 MPa [5,8). Transducer and hydrephone
designs t 'nd to favor the type I material at hydrosiatic pressuces greater than 5 or 6 MPa
The type I material is a high-arive, high-stress ceramic and has the lowest diclectric = )nstant
of the three. But its dielectrie constant, even though low compared to those of the type )
and Il materials, iv 4 times greater than that of lead metaniobate and 100 times greater than
that of lithium sulfate.
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Configuration

To use the characteristics of these materials to their fullest potential, © hollow sphere
or cylinder that is radially polarized is required for the sensor. A sphere with a diameter-to-
wall-thickness ratio of 8 using the type-I material would experience a reduction in sensitivity
of about 1.5 dB at pressures to 68.9 MPa [3]. Appendix A gives an example of sensiuivity
and capacitance calculations. A sphere 3.5 ¢cm in diameter with a 4.4-mm wall has a theoret-
ical sensitivity of ~196.2 dB re 1 V/uPa and a capacitance of 7630 pF. If the sphere were
quartered and the segments wired in series, the theoretical sensitivity would be —184.2 dB
with a capacitance of 1883 pF. This would be a good sensor adequately meeting the guide
specifications in most areas except low cost. The cost of a sphere, actuaily hemispheres
bonred together, and the subsequent soctioning and reassembly would make the cost of the
sensor prohibitive, Recent purchases of radially polarized cylinders 3 ¢m in diameter with a

4.8-m= wall thi kness and 1.27 ¢m ‘ong cost $6.00 each. In contrast., hemisphoeres 2.541 cm

in diameter with a 3.1-mm wall taickness cost $96.00 a pair.

A radially polarized capped cy'inder has ad 2quate sensitivity to meet or exceed the
guide specifications and is low in cost. However, its sensitivity is a function of depth.
Capped cylinders experience essentially two-dimensional stresses which can be {ar greater
thaii the hydrostatic nressure. The same mechanical transformation that yields the increased
sensitivity o sound also multiplies the hydrostatic pressure. Tt
affect the piezoelectric and dielectric constan.s of the ceramic and can result in complete
depolarization of the materiai. Work has been done to determine the compressive stress
limite {one-dimensional) for the vype I, 1I, and 11" maicsials 19]. Unfortunately data on the
effecte of stress on the ceramic cylinders are completely inadequate. Also it is not well
understood how the individual components of stress combine to represent the resulting
siress which Leads to cuanges in sensitivity , dielectric constant, ard/or depoarization. But

emprical datu strongly suggest that cecamics resist changes from a two-dimensional stress

gse two-dimensional stresses

ol

more than from a one-diinensicnal stress.

When a cylindrical sensor is used with the dimensional constraints and limitations
impnosed by the guide sp-ecifications, sensitivity stability at great depth ic sacrificed to in-
cruase the overall sensitivity and to provide sufficie 1t capacitance to insure a low seif-noise.
In mo: " instances the VEKA array wnuld be used at depths less than 5 to 6 km. Thus, in the
VEKA design, increased sensitivity and a lower noise floor are more important than stability
at great depths. Another art antage of the cylindrical design is that the preamplifier can
be placed nside the sensor element, with the end caps forming a pressure housing for the
electronics. With this advantage the allowable external dimensions of the hydrophone can be
virtually filted with sensir , material and still retain adequate space for the electronics. Ob-
vicusly, when this design is used, the preamplificr does not need pressure-hardened com-

L onents.
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H78A HYDROPHONE DESIGN
Description of the Hydrophone

The H78A hydrophone is shown in a sectional view in Fig. 5. The sensitive elements
are of type [ maierial, have a 3.0cm 0.d., 2.05<cm i.d., and 1.27-cm length, and are '-nnded
together with Epon VI industrial epoxy and electrically wired in series. Adjacent crystals
are polarized in opposite directions, which simplifies the wiring of the element. Figure 8 is a
view of the crystal assembly showing the electrcde connection:. Bonded to cne end of the
crystal assembly is an end cap of 938%-pure alurrinum oxide. Bonded to the other end of the
crystal assembly is an end ring which reczives a cable-gland assembly and thus forms the
other end cap.

ko - —92cm -

Fig. 5 — USRD type H78A hydrophone: (1) butyt rubber boot with integral mount ring,
(2) coupling fluid, (3) aluminum oxide end cap, {(4) preamplifier, (5) ceramic sensor (6) end
ring, (7) cable assembly, and (8) banding

+ - + -
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Fig. 6 — Crystal assemhly and
electrode connections
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The cablegland assembly receives the single-<conductor cables with Mecca-type single-
pin connectors. The cables are soldered to two high-pressure harmetic seals. The scals are
enclosed in neoprene rubker, which is vulcanized and bonded to the cables and the cible
gland. The cable assembly is sealed in the end ring by an O-ring and secured with flathead
screws. The end ring and cable gland are made of type 316 stainiess steel,

Inside the sensor assembly is the preamplifier, which operates 11 a current mode. The
preamplifier is constructed on a 1.6-inm (1/16-in.} fiberglass circuit board using a custom-
de.igned hybrid microelectronic circuit and »ther discrete components.

A sulfur-free electrical-grade Yutyl-rubbe- boot with an intezra) mount ring encloses
the sensor-and-cable-gland assembly. Buty! rubber is used for the boot to easure stable
perforrcance characieristics during prolonged continuous submes zence. The mount ring is at
the longitudinal center of mass to minimize the acceleration response in the vertical plane.
Castor oil, thoroughly dried and degassed, serves as the coupling medium betweer: the sensi-
tive elements and the boo*. Nylon bznding seals the assemibly in the boot, which constitutes
a double watertight seal between the water and ti.e preamplificr. All meal parts are jsolaied
from the water, which prevents el.ctrical ground locps and deteriv.ation in saitwater.

Seasor Thecry

‘r'he sensitive element chosen fur che H78A hydrophone is a :<dially poiarized piezo-
electric cylinder of type I materici. Four cylinders are bonded together and electrically
wired in series to provide the desired : " ivity. The sensor coafiguration operates in an
chs-capped mode JChe er pi2sion for the sensitivity in terms of the ratio of voltage e to
pressure p has besn derived by Langevin [10] ard is

. 1-s (2+p) 4
' b[g-”' (rp) En (1+p)}’ M |

Tl

vhere g4, and g4, are the piezcelectric constants of tue ceramic material, b is the outer
radius of the cylinder, and ¢ is the ratio ¢/b, where 2 is the inner radius of the cylinder.

The capaciie. et is [10]
T
2?1&:33609

C= In (bja) (2)

where b an 1 ar» as defined abuve, € is the length of the cylinder, K:.{a is the relative dielec-
tric constant, and € is the permituvity of free space.

The dimensions of the ceramic element ave inner radius ¢ = 1.03 ¢m, outer radius
b =1.508 cm, and len,*" £ = 1.27 cm. Nominal values for the electromechanical voltage
constanis are 244 = 24.5 X 107" V'm/Nand g5, =—10.7 X 1073 V-m/N and the value of
thue relative dielectric constant Kgl? is 1300,
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Substituting in equation 1 the appropriate values for the ceramic material and p = 1
uN/m2 = 1 uPa givese/p = 1.876 X 1019 V/uPa. Expressed in dB, M = -194.5dB re 1
V,/uPa, where M is the free-ficid voltage sensitivity of a single capped element when its
dimensions are small ir :omparison with the wavelength.

For tour crystals elcctrically wired in series the increase in sensitivity is 20 log 4 or 12
dB, which gives — 182.5 dB re 1 V/uPa as the thooretical free-tield voltage sensitivity for the
H73A sensur. Some reduction in sensitivity can be expected due to fringe capacitaice
between the element clectrodes: about 0.5 dB. Some loss may also result iro a the clamping
effect of the end caps, because they are bonded to the elements by a rigid epoxy [11].
Expected losses should not exceed ¥ dr:

Substituting the appropriate values in equation 2 gives a theoretical capacitance of
2408 pF. For the four 2lem.ents in series the theoratical capacitance is C = 602 pF. (Varia-
tions in the actual values were balanced off in selecting elemeiits for each series, so that the
various series would have little variation between them, as des.rined in Appendix B.)

H78A CURRENT-MODE FPREAMPLIFIER

The preamplifier used i the H78A hydrophone is shown schematically in Fig. 7. This
design can drive a No. 24 AWG twisted-pair cavle up to 9200 m long over a frequency range
of 10 1!z to 10 kHz. The lower cutoff frequency is determined by the capacitance of Y1
(nominally 635 pF) and the input impedance of Al (25 M{1). The high-frequency lim.it is
determined by the capacitance between cable conductors.

The preamplifier inpu . comes directly from the hvydrophone crystal Y1, Diodes CR.3
and CR4 pro.ect th- prearaplifier from input transients and prevent a builduy of dc charge
on the crystai.

Hybrid circuit Al .: a low-noise preainplifier specifically desigred dunng the hydro-
phoue devs :opment nrogram for VEKA application. It has a voltage gaia of 20 dB and
operates from +12 % dc established by zener diode CF 2. Figure 8 is a schematic diagram
of A1 NRL report 8218 [12] prescnis both a de and low-frequerncy ac analysis of this type
o. amglifier configuration, so this will not be repeated here.

The preamplifier output uses a twisted pair of No. 24 AWG wires in the VEKA cable.
It terminates at the SARA receiver {described in a "~ter section of this report) where point A
(Fig. 7) is connecteu . +36 V dc and poii  ? is connezted to 2 447 € load resistor. Both
the de supy ly current to the preamplifier and the ac signal current from it share the single
wire pair. Current fiows in*o the preamp’ “er al point A and out it point B.
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PN 4I04
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Fig. 7 — Schematic of the Y78A preamplifier showing the interiace to SARA (ane channel)

Current-regulator diode CR1 sunplies a constant 2.2 mA to CR2 and Al. A second
cuirent regulator, made up of @1 and R1, converts Al’s output voltage into output current
Iy, - This current has a 1.8-mA dc component and an ac component equal to 2, /R1, where
e, Is the audio output voltage of Al. The ac voltage developed across the 40.2-2 load resis-

tor R2 is therefore
R2 ,
ey = (1{1) 3

If e, is the input voltage at pin 2 of Al and G is the voltage gair of Al, then

RS
e, = Ge, Ry - (4)
Zience the overall gain of the preamplifier is
e
L R2
= = 5]
P RlG (5)

The de-current values just mentioned are nominal, and they develop a dc voltage across
the 40.2-§2 load. This dec component is blocked by coupling capacitor C4 at the iupui of the
SARA receiver.
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1 RI = SIOKQ

} A2 + 13K 0

N R3 : R7-91KQ
) R4 = 25x1080
§ RS = 15K

R6 = 16KN

k

f

Q1 = 2N3251A CHIP
Q2 = 2N4BETA CHIP

Fig. 8 — Integrated circuit Al used in the H78A
hydrophone preamplifier
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Noise tests and transient response characteristics of this circuit are given in a later sec-

)

tion of this report. Other typical performance is given in Table 1. !

i Table 1 —- Typical Performance of the H73A Preamplifier i
- T - - M

E Input impedance 25 M £5%
b Input voltage (for linear operation) 0.2 V rmvs max :
4 Bandwidth (for zero cable length) 100 kH=»
b Lower cutoff frequency (—3 dR®) 1" Hz i
: Gain (for a load of 40.2 £2) -14.5¢ .
v Dynamic range 100 dR
El Supply voitage

+20t0+38 Vdc
2.2t05.7mA dce !

————— 1]

Supply cvrrent
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PREAMPLIFIER OVERLGAD AND RECOVERY MEASUREMENTS

In the design of the H78 precmplifier, CR3 and CP.4 were added to protect the pre-
amplifier from input transients or overloads thal could damage the input FET. With the
preamplifier 25 shown ir Fig. 7 and a 635-p¥ capacitor substituted for the sensor element,
the following overlcad test was conducted,

Through a gating system a 12-V dc overlcad pulse coincident with a 100-mV sine wave
was applied to the input of the preamplifier. This scenario corresponds to a pulse SPL
(sound prescure level) of about 205 dB re 1 ;:Pa followed by a steady-state signal cf 164 dB.
Under this condition the preamplitier was overloaded more than 46,000 times over a 5-hour
interval to establish jong-term reliability.

The preamplifier output and recovery tiime is shown in Fig. 9: a Biomation mode1 610
transient recorder was used to capture and record the preamplifier output. The recoverv
time measured is nominally 60 us.

R S N AN
—_ 1t 50 ;.LS/dIV
STEADY STATE f=10kMz

RECUVERY T'ME

——— END OF OVERLOAD PULSE

J\/\

STEAG: STATE f=1kHe

— ~ Rn’COVERY TIME

—— END OF OVERLOAD PULSE
— &= 12 250 us/diy

I T ST NS NS

Fig. 9 — Preamplifier recovery time

The 2N929 pn junciions used for CR3 and CR4 start to conduct at about 425 mV; two
will provide adequate preamplifier protection for SPLs up to 218 dB (50 V). If higher levels
dre expected, junctions can be added in series.

14 ; ' E
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VEKA I-A CONE ADAPTERS

The H78A, H78C, and H78E hydrophones require an adanter to fair the hydrophones
into the VEKA cable. The purpose of the adapter is to provide a smooth low-profile buige in
the cable that secures and protects the hydrophones, allowing reasonable flexibility and
bending of the cable without damaging the cable strength members. The cone adanters are
similar to those used for the ITC model 8021 hydrophones in the Moored Acoustic Buoy
System (MABS) [1]. However, the VEKA adapters are noticeably smaller (60% by volume),
and a sensor cage is not required for the hydrophones. Figure 10 shows the MABS-type con?
adapter and the new VEKA cone adapter. The MABS cone has a nominal mass of 1.£6 kg,
and the VEKA adapter has a nominal mass of about 0.76 kg.

Fig. 10 —~ MABS cone adapter (bottom) and a VEKA [- A cone
adapter (next to the centimeter seale)

Figure 11 is a drawing showing an H78A hydrophone within a set of cone adapters.
Each cone has a type 316 stainless-steel ring with a periphery that accepts the mount ring on
the boct of the hydrophone. A butyl rubber (JISRD compound 70821) vulcanized and
bonded to the rings forms a fairing for the hydrophone. I'our stainless-steel 1/4-20 cap
screws, two in each cone 180° apart, hold the assembly tugether.

Figure 12 shows a cone adapter and hydrophone installed in a section of VEKA proto-
type cable. In fabrication of the array cable the adapters were installed in the cable, wired,
and then overbraided with a polyester braid.
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Fig. 11 — H78A hydrophone ia a cone adapter set. (1) H78A hyd.ophone, (2) butyl rubber
cone, {3) stainless=steel rings, and (4) cap screw.

Fig. 12 — Hydrophone and cone assembly installed in the VEKA I-A
prototype cable

178B EXPERIMENTAL HYDROPHONE

From the standpoint of the sensor elem#nt and receiving sensitivity, the H78B is the
same as the H78A. A sectional view ¢f the B model is shown in Fig. 13. The overall design
follows the concept of an integrated cone-adapter-and sensor assembly. The capped-cylinder
sensor is enclosed in an expanded metal frame that is acoustically transparent and imparts
exceptional ruggedness to the hydrophone. The sensor element. is positioned within the
frame at its longitudinal center of mass in an elastomer mount ring. The preamplifier is
enclosed in an accessible pressure housing. A major difference with the B model is the cali-
bration circuit. A calibration capability by iniecting a signal into the input of the preampli-
fier on a separate calibration line or by an internally gencrated signai was in the original
guide specificaticns. This hydrophone has the calibration capakbility in a unique circuit.
which is described in Appendix C. (An alternate calibration circuit is described in Appendix
D.) The ealibration-circuit provision was cveniuelly dropped by the program sponsors in lieu
of a simiplified hydrophone.
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Fig. 13 — Sectional view of USRD type H78B hydrophone: (1) integral buty!l boot and
cone adapter, {2} castor-oil coupling fluid, () frame end ring, (4) banding, (5) expanded
mete] frame, (6) elastomer sensor mount, (7) ceramic sensor, (8) aluminum oxide end
cap, (9) preamplifier housing, (10) preamplifier, (11) cable gland with butyl cone, and
(12) potting compound

SHIPBCARD ACOUSTIC RECEIVER AMPLIFIER (SARA)
Th: SARA electronics consist of
® 22 receiver amplifiers for the 32 hydrophones of the VEKA 1 array, i

¢ four receiver amplifiers for experimental hydrophones, and

® 3 caiibration signal generator. i

Figure 14 shows the front panel of the SARA unit, Fig, 15 shows the back panel, and Fig.
16 shows the unit with the top cover removed, All of the 36 receiver umplifiers are identical.
There are four amplifiers per nrinted-circuit (pc) card in the chassis.

Inputs to the 32 channels of VEKA 1 are made through the VEKA-I input connecto
on the front panel (lower right in Fig. 14). These inputs normally come from the array but
may come from a test osciliator. A special SARA calibration cable has been provided for
this purposc. The 32 receiver outp.its are terminated at the QUTPUT TO APS front-panel
connector (lower left in Fig. 14) and two PARALLEL OUTTUT connectors on the back
panel (lower left in Fi;. 15).

The four channels for experimental hydrophones are on a single card and are labeled
A through D. Inputs to these four channels are made either through the AUX front-panei
connector (lower right center in Fig. 14) or through the four BNC connectors in the ¢olumn
at the upper right center on the front panel. (The inner pin of each BNC connector goes to a
40.2-82 input resistor, and the oute- shell of the connect~r is grounded.) The outputs of
these four channels are terminated in the BNC connectors in the column at the far right on
the front panel.
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Fig. 14 — Frony panci of SARA

Fig. 15 - Back panel of SARA
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Fig. 16 ~ Top view of the SARA chassis

Because each SARA receiver card contair
fiers, only one channel will he described here.
15 shown in Fig. 17. nput terminals A and B connect to points A and R respectively on the
hydrephone preamplifier (Fig. 7) vita No. 24 AWG shiclded twisted-pair cable. "t he cable
shield is connected to pewer-supply ground at terminal S,

s four independen’. and identical audio ampli-
A schematie diagram of one receiver channel

Terminal A fumnishes current to the hyvdrophone preamplifier from the +36-V de sup-
ply. The current is returned through terminal B to load resistor R2. The voltage drop across
R2 has a de bias ples an ac signal component. Capacitor C-1 blocks the de and couples the
audio signal into hybrid amphfier circuit A1, Amplifier A1 has an input impedance of about
1 M$2 and a voltage pain of approximately 34 dB. lts output is available at test point 1P,

The output of A1 is further amplified by operatiunal
de gain and aboui 33 dP of ac gain. Provision is made on the card for optional line driver
A3. Thig unity-gain buffer is presently omitted and ieplaced by a jumpee. The output of A2
{or A3) is coupled by C7 to tne card output test point TP2. The frequency response of the
entire circuit is essentially flat from 10 1% to 16 kHz,

amplifier A2, This stage has unity

A e o ot A ma i ot iy oL S+ P bkt e

e b s
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Fig. 17 — One channel of SARA

Hybrid circuit A1 (Fig. 18} is a low-noise amplifier specifically designed during the
development program for VEKA application. The configuration of this device is the same
as the hyhrid circuit used in the H78A hydrophone preamplifier (Fig. 8), although the

Y
component values are difserent. Again, reference 12 provides complete design criteria for
the circuit.

b Y T YT VTV XIS Ny

Table 2 giver the performance of a SARA receiver amplifier.

JOTTI I S
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Vorres 099
{OW PROFILE CAN

A 8 GRocvoEn T
1610 $9'CASE, -
A 5.0

Rl = R4 = M)

R = 27KQN

R3 = 39ng

RS = 51KN

R& = IK(D

R7 = 75KQN

Q: = 2N3251A CHIP

Q2 = 2N4B867Aa CHIP

Fig. 18 — Integrated circuit Al tor SARA

Table 2 — Typical Performance of a SARA Receiver Amplifiee

‘Supply curreat (per channel)

Withiout line driver: 4.3 mA de

With line driver: 10.3 mA dc¢
Input impedance 40.2 &2
Inpui voltage (for linear operation) 2 mV rms max (—54 dBV)
Bandwidth (flat) 101z to 10 kH~ .
Gain 67.2+05dB :
C atput impdance 1

Without line driver: 150 £ in series with 47 uF i

With line driver: 6 {2 in series with 47 uF g
Dynamic Range (with H78A hydrophone preamplifier) 84 dB :

i
Dec suppiy voltage +36 * 5% V dc
21

o
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The calibration signal generatcr is on a single card. Its input comes from an external
test oscillator and is made at the CAL INTUT BNC connector at the center on the frent
panel. Its output is brought to the AUX front panel connector at the lower right center and

is ~nabled by turning on the CAL
schematic -iagram of the calibrati

ON toggle switch at the lower right on the front-pariel. A
on signal generator is shown i.. Fig. 19. This circuit pra-

vides a controlled calibration current [ to the experimental H73B hydvophene preampli-
fier. It was origirally intended to drive 32 such units in series, as indicated in Fig. 19.

CR

tovg .—1 R4
+36vdc ?-—DQ—?——— AMA—--- -——I

+ ., C2
R —At— % R3
Ll
1 lfe
CAL INPLT 3
(5 VRMS max! v, Cl — Q
o) -—» > 1=
= ¢ ! 9 HicaL
) R2 — >
7
L0 Al
GROUND — —— 3>
]
= r =cC3 \
5 _l: I
CR¢z ' = »
~45V i O—G———
2 j
L A
[
b
} ®on crL
| PANEL
l SHITCH
TR | 20K TRI.#OT) . , 4
— | LIRS U Y
R3 _|21.5K CONNECTIONS H
R, R2i96K 0 m7R8 caL | Lo cai 1 ]
1C2.C3 [T uf, 56V ] CIRCUITS P
[CL__122uf. 357 (2 A
[ Cr2 v 4002 TN T T AP
_92_12.3%95 : -
0 13%004 _] [ Lo cAL 32
Fig. 19 - Calibra*in signal generitor for SARA

Components Q1, R3, and R4 make up a current regulator. ihe collzctor current of Q1
is the calibratieu current i delive
Q1’s emitter voltage VE'

red to the preamplifier. Operational amplifier Al controis
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As indicated by Fig. 19,

VSRZ V8
e~ % T Ri+ne C T2

and

v.-y, 0.5V, -3,
] x = =
0 R3 + R4 22+ R4

It is seen from the nrecediny equation thai I has both an ac and a dc compoieat. Resistor

R4 is variable, ailowing 7/, to be trimme. Appenclix C of this report explains the circititry
which vses current 7.

Table 3 gives some typical performance parameters for the calibration signal generator

Table 3 — Typical Ferformance of the
SARA Calibration Signal Generator

I _Tx-put impedance 9.8 k2 1

}
Input voltage 5 V rms max

Bandwidth (flat) 10 Hz io 10 kHz

Gain ‘ac)

36 uAJvV |
Suppiy voliage 36 £ 5% V de
Supply current 5.1 mA uc

DEVELOPMENT "L ACOUSTIC MEASUREMENTS

During the development of the H78 hydrophones several calibrationn measurements
were made cn experimental prototypes to determine the effect of the cone adapters and the
VEKA-I cabie on the acoustic response. Measurements were aiso made to assure the effec-

tive frequency range and directivit;’ of the design. The measurements presented were made
in the USRD Lake Facility.

Figure 20 showe the typical free-field voltage sensitivity (FFVS) of an H78A. This
curve is for the hydrophone (no cone adapters) with 2 22-m two-cenductor shielded test
cable, The upper limit of the usable frequency range for the hydrophone is about 12 kHz.




TIMS AND BROV™N

T YT T CrUY"'mMI YT T T 1T T T T T

- -190 -l

4B e | V/uPa
1]
»
g
=

1

210 !
r-a —I
s ', ) W S S B - e J,L.LLJ_——!
Q1 1o 10 20

Frequency (kHz)

Fig. 20 — Typical fi »e-field vcltage sensitivity of an
H78A hydrophone withr ut cor.2 ada: * s

Several measurements were made with an 1178A in a set of cone adapters and with 2
12.m wo-conductor shielded test cable. Figure 21 <hows the FI'VS. Figure 22 shows the
dire otivity in the xz (vertical) pl ne at 4, 8,10, and 12 kHz. The directivity in the xy

(horizontal) plane is cmnidirectional w.thin £1 dB al freyuencies up to J kHz.
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Fig. 21 — Free field voltage sensitivity of an H78A hydropnonz mounted
in a cet of VEKA I-A cor.c adapters
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{c) At 10 kHz (d) At 12 kHz

Fig. 22 -— Typical directivity in the xz plane of an H78A hydrophone

mounted in a set of VEKA I-A cone adapiers
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The typical FFVS of an H78B with a 12-m test cable is siiown in Fig. 23. Since the
cone adapters are an integrai part of the B design, this one curve characterized the response
of the hydrophone. Figure 24 shows the typical directivity in the x2z plane at 5, 8, 10, and
12 kHz. The directivity in the xy plane is omnidirectional within *1 dB at frequencies to 14

kEz. In general the broadband response of the B model is greater than that of the A model,
but this is not a requirement for the array.
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Fig. 23 ~- Free-field voltage sensitivity
of an H78B hydrophone
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Figure 25 shows the FFVS of an H78A and an H78B in the VEKA I prototype test
cable. The curves show that the VEKA cable itself is the limiling coasiraint on the respense
of the array at frequencies above 1 kHz.

-190 p
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2} -200 \
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Fig. 25 — Typica! free-ficid vcliage sensitivity of
————+t— —t-—3 1 =t -4 | iop) an HT78A hydrophone in the VEKA § A proto-
| 190 ] type cable and (bottom) an H738 hydrophorne in
& the VEKA I-A prototype cable
EV
N e — — s ——S————
Y o ]
¢
©
®© L-zm -i
—_ ; ]
o1 ) 13 20
Frequency(kHz)

H7SA PREAMPLIFIER SELF-NOISE

Since the FFVS of the [178A is much !9wer than that of « conventional noisc-
ineasutiuig hydrophone, the self-noise of the preamp'iiier system can be confusing. This car
be clarified by considering the nreamplifier circuit as shown in Fig. 26, which is a duplicate
of Fig. 7 except that three ponits in the circuit huve been -lesignated ior consideration.

At point 1 the preainplifier is in a vcitage mode, and a high signal-to-noise ratic exists.
With the assumption of a nominal upen-circuit erysie® sensitivivy of —183 dB re 1 V/uPa,
and with a gain of 20 dB in Al, the hydrophone seusitivity s —163 dB re 1 V/uPa at point
1. By use of the noise voltage measured at point 1 and the hyarophone sensitivity, the equiv-
alent nuise pressure is computed. Figure 27 shows, relative to the guide specification of Fig.
4, the typical equivalent noise pressure of a1 H78A hydrophons at point 1,
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Fig. 26 — Schenatic of the H78A prearnplifier showing
the interface to SARA (one channel)
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The noise voltage »zesent at point 2 is the same as at point 1. The preamplifier gain is
within 0.1 dB of that measured at point 1. The circuit is still in a voltage mode, and no noise
has been added by Q1. Therefore the equivalent noise pressure for point 2 is the same as
that indicated for point 1.

Foint 3 in the circuit is electrically the same as the input of the SAR A unit, which is
40.2 £ above grcund. When the signal passes through R1, it is changed from a voltage to a
current. In reference to point 1 or 2 the signal level is decreased by —34 dB, or in reference
to the input of the preamplifier the sensitivity of the hydrophane is decreased by —14 dB.
Thus at point 3, or the input to SARA, the hydrophcne sencitivity is nominally 197 dB re
1 V/uPa. By use of the noise voltage measured at this point and the sensitivity, the equiva-
lent noise pressure is computed. Figure 28 shows tie equivalent noise pressure and shows
that tie noise starts to increase at about 1C0 Hz in the current mode and is 10 dB higher than
the voltage mode at 1 kHz. The inrrease in noise is caused by the Jonnson-Nyquist noise and
the excess noise of R1. The excess noise, sometimes called current noise, exisis in addition
to the thermal noise of the resistcr. The thermal noise dominates at high frequencies, and
the excess noise, which has a 1/t power spectrum, dominates at low frequencies [13]. Fig-
ure 29 shows the individual noise mechanisms in terms of noise voitage and total noise at
point 3 in the prean:plifier system.

1 1T 1 1 TT1r.7 T T T T T TTTT T T T T 1711
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Fig. 28 — Equivalent noise pressure computed from the noise
voltage measured 2t point 3 in Fig. 26
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Fig. 29 — Individual noise voltages present at point 3

Operating a preamplifier in a current mode or voltage mode is a compromise between
increased self-noise and crosstalk (as will be discussed further in a section on the H78
voltage-mode preamplifier). If the value of R1 is doubled, the thermal noise would increase
3 dB, which would not be desirable. If the value of R1 were decreased to half its present
value, then the thermal noise limit would be 3 dB lower. However, the dc current required
for Q1 would be twice its present value, causing a significant increase in the power required
for the array. The value of R1 was chosen te provide a usable noise floor and to keep the
power demand of the array at a minimal level.

DYNAMIC TEST OF PROTOTYPE CABLE AND PROTOTYPE HYDROPHONES

What effect will dynamic loading of the cable have on the hydrophones? Will a hydro-
phone which slips into the cable (H78B) be more susceptible to cable dynamics than one
which uses a cone adapter (H78A) or a sensor cage? These questions were a concern in deter-
mining the best hydrophone design for VEKA 1. The following infurmation is presented as a
basis for choosing the H78A as the most suitable for VEKA.
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Figure 30 shows the physical arrangement for the dynamic cable test conducted using
n VEKA prototype cable (Appendix E describes the prototype cabie} and the H78A and
H788 hydrophones. Both hydrophones were rigged within the cable for the test. The driving
force was applied to the cable, under tension, by a 1500-W dc mctor through a geer reducer
with an eccentric crank. The furciag function was approximately sinusoidzl at a frequency
of 1.4 Hz. A triaxial accelerometer was secured to each hydrophone to determine the
acceleration at each hydrophone location. Figure 31 shows one of the hydrophones installed
in the test cable. Figure 32 is a close-up of the H78B with the triaxial accelerometer. Figure
24 shows the crientation of the accelerometer anG hydrophones with respect to the cable.
The accelerometer was attached at the acoustic center of the hydrophones.

w——

R s ol e

HOIST

T: 2224 MEWTONS {300 L8)
SCALES T = 4443 NEWTONS {1000 LB}

. DRIVING ARM CONNECTS
TO AN ECCENTRIC CRAMK
TRIAXIAL ON A 1500-wATT

i3m ACCEL EROMETER DC MOTOR SHACKLE
blo‘cm.am / \ :
SHEAVE

| |

I I’ l AlTm ————— I!
| !

|

1

] [~ a7Tm ———— e
1 I-d——— 720m

‘-a»*———-———’—- 92.2m 0.86m |—

Fig. 30 -- Physical arrangement of the VEKA prototype cable
. and H78 hydrophones for the dynamic test
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Fig. 31 — Hydrophone installed in the prototype
cable for the dynamic test
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Fig. 32 — H78B hydrophone with a triaxial accelerometer
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Fig. 33 — Orientation of the hydrophone and the accelerometer
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With the ~able tensioned to 2224 N and 4448 N respectively, the expected range of
cable loading for the array, and with the de motor anving the cable, the ctputs of the
hydrophones and the three axes of the accelerometer were analyzed from de to 20 Hz using
a real-time spactrun analyzer and averager. & toen :, etra were aver “od for cach output.
In the data analysis the hydrophone preampli-ior's low-frequency characteristics and the
characteristics of the peeamplifier used for the accelerometer wer s accosaned 1or. The tri-
axial acevleration present at e ™ 7 Lvopt one was determined by the calibration sensitavity
of the aceelerometer and by the square root of the sum of the squares of the output of each
accelerometer axis. Table 4 shows the acecler. jon data and the test conditions for each
hydrophone.

Table 4 — Test Conditions and Acceleration Data fc  the Dynamic Test
of i Frototype Cable and Hydrophones

[ ) Cable Accelerometer ‘I_i dronhon
Hydro- Driving | Displace- Ovinuts 0lo Hydro- )fl,:zf_,a(l” €
F._. aent at (dBre 1 g) 250 g2 phone 1ax
phone . (X3+Y Acceleration
Tvpe | Quency the Hydro- v v +22 Output Sensitivi
vl (Hz) phone A ‘ ) (dBV) ensilivity
(cm) Axis Axis | Axis (dBrel Vig)
7 Cable Tension = 2224 N
—_— .
H78A | 14 7.4 |-148 | -4a I 10] 23 —25 -27.3
H78B 1.4 3.2 - 95 3 24 6.8 I 8.4 3.2 - 5.2
Cable Tension = 4448 N
H78A 1.4 74 -11.0 0.1 |-10.5 0.8 -19.6 -20.3
H78B 14 3.2 - 96 4.3 5.0 7.8 1.0 - 6.8

Under conditions of cabie loading the H78A hydrophone is about 15 to 20 dB less
susceptible than the 1781 to cable dynamics. The acceleration sensitivity of the H78B
should be about equal to or less than that of the H78A, The higher output of the B model is
not due to acceleration only hut results from cable compressional forces acting directly on
the hydrophone, which are subsequently coupled to the sensor element. In the A model the
metal rings in the cone adapters isolate the hydrophone from the cable. Therefore, the out-
put of the A model is due to acceleration, and the output of the B model is due to accelera-
tion and pressure.

This is not surprising, as it was generally concluded at the inception of the B mmodel
that it would be more subject to cable dynamics. (Also at the inception of the B model, the
effects on the cable of possible opens or sherts were analyzed, and these effects are tabu-
lated in Appendix F.) The rationale and concept of the B model are desirable from the
standpoint of installation and handling in the VEK A system. However, the dynamic prob-
lems associated with it v ill probably be true of any design in which the hydrophone is not
mechanically decoupled or isolated from the cable by a rigid-hoop structure or cage.
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HIGH-STRESS EFFECTS ON K.ADIALLY POLARIZED CAPPED
CERAMIC CYLINDERS

For future VEKA considerations anc design criterien, several experimental hydro-
phones were constructed for instailation in VEKKA 1. The H78B, which has been described, is
one of the ¢xperimental hydrophenes; the others were aesignated H780, HT80, and H78E.,
Al of the hydrophones have a sensitive element in a radially polarized capped-cylinder con-
figuration. The major difference in each design is in tiie type of inaterial used for the sensor
and the diameter-to-wall-thickness fd/:) ratio. Since the major differznces are in the sensor,
vne mechanical details of these hydrcphones will not be uiscussed here.

Various material types and d/t ratios were used to deiermine the effects of high stress
on the ceramic configuration. As previously stated, there can L considerable variation in
the behavior of niczoelectric materials in high stress «pplicutions. Two-dimensioral empirical
data suggest and data from singledimension stress measurements | 9] <trongly suggest that
type I matenal is more resistant thun type I to high s'+ess. This scenatio represents th>
general characteristics of the 1aaterials but not the charactenstics of a specific material from
a specific manufacturer. A vype 1 maiesial from one i anufacturer can be more stress resis-
tant tnan a type III material frorr another manufacturer.

Twodini asional-siress data oblained from ihe 1% 8A Lyarophone and the experimen-
tal hydrop.hone, H78B, H78C, 178D, and H78E are given in Table 5. AM, is the change in
acoustic sensitivity in the flat portion of the resvonse, and AK3 is the percent change n the
relative diclectric con .ant. The table shows that slight changes occur at pressures to 34.5
MPa, but at. 69 MPa the sensitivity hac decreased about 3 dB in very case and the dielectric
constant has decreased v 577 in two of t'ie sensors. The decrease in the dielectric constant
represents an in‘rea.e in the 1ow-frequency cutoff in excess of 1 octave, The hydrophone
now has a “‘new’ stress-induced 1 w-frequency cutoff. Alsn, HH78C with a type I ceramic
shows 10 change in dieleciric constant at 69 MPa even though the d/t ratio is greater than
that of the other type I sensors and one of the type 111 sensors.

Table 5 clearly illusirates that two-dimensional stresses affect the piezoelectric and
dielectric constants of the ceramic. Unfo.tunately data on th~ effecls of stress on a ceramic
cylinder are incomplete, especially in terms of an optimum pressure stable design. At pro-
~ent, transducer designers rely heavily on past experiences and a cut-and-try approach. This
points Lo a primary problem in high-precsure transducer desig... 1. als» points oul the need
to invesiigate and gquantify ch.nges in sensitivity and dielectric constants to be expezted as a
result of stresses in capped cerami ; eylirders of a specific tyre and manufacturer.,
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Table 5 — Two-Dimensional-Stress Data on Ceramic Sensors of Various
Diameter-to-Wall-Thickness (d/t) Ratios and From Varicus Manufacturers

R T Pressure l Pressure
MIL STD 1276 Used on =345MPa = 69 MPa
tSHIr 8) Manu- djt VEKA i Change in i
Materi:.] facturer Hydro. | Changein | po e | AM o | 2K5
Designation I phcne 2;?““?’;;—‘1 Constant | (dB) | (%)
! o (@B 4 Ak, (@)t |
Typel | Channel 6.3 | HIB8A -1.0 -i06 | —3.0 | -38
Industries and
me. | | mism
Type Il Marme . 6.5 | H78E 0.8 o | -25]-5" {
Resources i |
. inc. : | l
| Typel Ve mnition | 9.7 | H78C -1.0 0 -32 | 0
Type HI Marine i 9.7 H78D -1.0 =27 { -3.2 , -b7
Resources l | : '
Iic. | [ [ | i

*AM  represents the chunge in sensitivity in dB referred to the sensitivit: at 0.7 MPa.
TAKa is the percent change in the diclectric const.-it of the materiai referred to the diclectric constant at
0.7 MPa.

CALISRATION C¥ VEKA I-A HY BROPHONES

Four H78A hydrcphones. vepresentative of the manufactured jot of 36, were selected
for calibration in the UsRD Low-Fregvency System K [14]: those with sexial numbers 12,
21, 34, and 45. They were calibrated by the compaiisen method using 2 USRD type H48
standard reference hydropihoune [8]. The frequencies for the calibration ranges srom 1 tu
1000 Hz, the temperatures vere 3 and 23°C, z-1d the pressures werc 3.5, 6895, and 2.5 hPz at
each temperature cver the frequer.cy racge. The voltage at t'e output of an H79 4 roceive
amplifier (one SARA cliannel} was measured open-circuit, »ad the sensitivity was 1eferred to
the input of the receive amplifier, where .he hydrophone is terminated in a 40,2-§2 r~s...or in
series with the low side of the outpui w ground, This makes the se..:itivity of the aydio-
phone inde, endent of the receive amplifivr and dependent on the terminatisn resist~noe.
The receive-amplifier characteristics wers detenaed by the insertion meonod nrior to
hydrophone calibrations. ‘vable € shows the cilibration aata
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Table 6 - Resu.lts of Calibrating USRD Type H78A Hydrcphones
in System K {voltage across a 40.2-§2 resistor in series
with the tow lead to ground: unbalanced)

Fr;e-Fie]d'Vo!ta_g.:: S-ér-;sjzivi:y ( —dB re 1—-\—/:/_;71’3)
L Serial No. 12 Serial No.21 | Serial No.34 | Serial No. 45
Fre- 3.45 6895 3.45 6895 3.45 6895 3.45 6885
lquency kPa kPa xPa kPa kPa kPa kPa %Pa
| (Hz) |
) Temperature = 3°C
1| 2205 | 2204 | 2210 | 22i0 2205 | 2204 | 2207 | 2206
« 2 2129 | 2131 | 2134 | 213.2 2129 | 2131 ! 2131 | 213.3
3 2050 | 2092 | 2056 | 2094 2092 | 2003 | 209.2 | 2094
i 206.5 | 206.3 | 2067.2 | 2070 206.6 | 2069 | 269 | 2070
5 205.0 | 205.2 | 2055 | 205.3 2050 | 2053 | 2052 | 2053]
& 201.7 | 2019 | 2023 | 202. 2019 | 202.2 ! 2019 | 202.2!
io | 2008 | 2007 | 2012 | 2009 2008 ' 201.0 | 2009 200.9!
20 1985 | 1984 | 1238 | 1988 1987 | 1088 | 158.7 | 198.7!
30 i97.8 | 1977 1 1982 | 1982 1981 | 1982 | 198.1 | 198.2]
50 197.4 | 1974 | 1978 | 1978 1976 | 197.8 | 197.7 | 197.7.
80 1972 | 1972 | 1976 | 1977 1975 | 1976 | 197.6 197.5?
100 197.2 | 1971 | 1976 | 1976 1976 | 197.6 | 197.6 | 1975
200 1971 | 1971 | 1975 | 1975 1975 | 2975 | 1976 | 1976
5060 197.1 | 1969 | 1975 | 1975 1976 | 1975 | 1975 | 1975
800 1972 | 1876 | 1976 | 1977 1975 | 1979 | 1974 | 1979
L 1007 1077 | 1978 | 1979 | 1978 197.8 | 1980 | 197.5 | 198.1
Temperature = 223°C
1 2205 | 2204 | 2207 | 2209 | 2208 | 2208 | 2205 | 2205
pi 2129 | 2126 | 2135 | 2131 213.3 | 2135 | 2129 | 2129
3 209.2 | 2088 | 2006 | 2091 2095 | 2995 | 2091 ; 2092
4 206.8 | 206.7 | 2073 | 2066 2072 | 2070 | 2068 | 2068
‘ 5 205.2 | 2042 | 2056 | 2049 2055 | 2052 | 2052 | 205.3
8 2021 ! 2020 | 2026 ! 2013 2024 | 2020 | 2021 | 202.3
10 | 2008 | 2008 | 2014 | 2008 2013 | 2009 | 2011 | 201.2
20 1985 | 1984 | 1992 | 1988 1990 | 1989 | 1988 | 1¢88
| 20 1978 | 1978 ! 1984 | 1987 198.3 | 1982 | 1982 | 198.2
Y 197.2 | 1974 | 1879 ! 197.8 197.9 | 1978 | 1977 | 1977
i
80 197.2 | 1273 | 1977 | 197.7 1977 | 1977 | 1975 | 197.6
100 1971 | 1972 | 1977 | 19Y6 1976 | 1976 | 1975 | 1975
200 1972 | 1972 | 1975 | 1975 1975 | 1975 | 1974 | 1975
500 1970 | 197.¢ | 1974 | 1973 1975 | 1972 | 1973 | 197.2
809 1972 : 1975 | 1977 | 1978 1977 | 1977 | 1976 | 1978
1200 1974 | 1976 | 1979 | 1979 19751 1978 | 1978 | 1978
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From the four nydrophones calib.ated in Systen K, those with serial numbers 12 and
21 were selected for calibration in the USRD System J [15,16] to characterize the effects
of high hydrostatic pressure. The results are shown in Tahle 7.

Table 7 — Results of Calibrating USRD Type H78A Hydrophones in System J
{unbalanced; temperature = 5°C}

Electroacoustic Characteristics | —
Frequency 0.345 13.8 27 6 41 .4 55.1 68.5
(Hz) MPa MPa_ | MPa_ | MPa MPa MPa
| FFvs* | Phase’ | FFVS* | FFVS* | FFVS* FFVS*___FFvs*iPhase*
... SerialNo.12 e}
5 2045 | —~ 1t | 2048 ] 2057 1 2072 [ 2001 | 2106 [ — ¢
7 202.3 -1 2025 | 2034 ! 2051 | 2068 | 2084 | — 1
10 200.4 | 2286 | 2006 | 201.3 | 202.7 | 204.0 | 2056 ; 245.1
11 — i 295.7 - — i ~ ~ 1 — 1t | 2413
12 — 1 222.6 -1 — 1 -1 — 1 -t t 2407
13 — 1 229.3 -3 — i -3 — 4 — 1 1 236.7
14 — i 220.4 - — 3 - i - 1 ~ 1 | 2360
15 1989 | 2186 | 1991 | 1998 | 201.0 | 202.3 | 203.7 | 2355 |
20 1952 1 2099 | 1984 | 199.0 | 2000 | 2017 | 2023 | 2279
50 197.4 | 1932 | 1974 | 1980 , 1988 | 199.7 | 2006 | 1939
100 197.2 | 186.9 | 1974 | 1979 | 1936 | 193.4 | 2002 | 150.1
200 197.1 | 183.3 | 197.3 | 1977 1985 | 199.2 | 200.0 | 185.4 |
500 197.2 | 1797 | 1974 | 1278 | 1985 | 1993 | 200.1 | 180.2
806 197.5 | 1781 | 1974 | 1979 | 1986 | 199.3 | 200.2 | i79.3
1000 1974 | 176.7 | 1976 | 1979 | 1986 | 1994 | 2002 | 177.3
1200 1976 | 175.8 | 1977 | 1981 | 199.0 | 1994 | 2003 | 1755
“§epal_N9_ 21 e :
5 204.9 — 7 | 2052 Yooe2 | 2078 | 2007 | 2111 | i 3
7 202.7 — f | 2030 | 2059 | 2053 | 207.0 | 2085 | - %
10 200.9 | 2277 | 201.1 | 201.8 | 203.3 | 2048 | 2062 | 2402
11 -1 2248 -1 - —_ - — 1 | 2374
iz — i 221.1 — % — I - i — 1 — i | 237.4
13 -3 221.4 - - —- - — + | 2342
14 — i ! 2195 — i - i - % -1 — i | 23206
15 1294 | 2176 | 1996 | 2002 | 2215 | 2027 | 2041 | 2302
a0 1987 | 2092 | 1989 | 1995 | 2006 | 20i7 | 2029 | 2194
50 197.8 | 192.8 ! 197.9 | 1985 | 199.3 | 2001 | 201.2 | i978
100 1977 | 1865 | 1978 | 1983 ; 1991 | 1999 | 200.% | 189.4
200 1976 | 1832 | 1978 | 1982 | i99.0 | 1998 | 2006 | 184.9
500 1977 | 179.8 | 1978 | 1983 | 199.1 | 1999 | 2007 | 190.%
800 197.9 | 1796 | 1979 | 1983 | 1991 | 1999 | 200.7 ' 179.4 ‘
1000 1978 | 1757 | 1980 | 1984 | 3991 | iwwo | 2008 | 1778 '
1200 1960 | 175.1 198.3_‘1__12&7 1 1905 | 2090 | 2009 | 175.8 | :

*Free-field voltage sensitivity (FFVS8)in —dB re 1 V/uPa; voltage across a 40.2-2 resistor in series with the
low lead to ground.
Acoustical phase in positive degrees. The ~cference hydrophone was USRD type H4 8, serial No. 1.
o measurcments required.
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After evaluauon in Systern J the H78A hydrophone with cerial number 21 was selected
as a cor-parison standard to calibrate the remaining H78A hydrophones in a USRD type
G40 calibrator [17]. Calibrator measurements indicated that the sensitivity of all of the
H78A’s were within £0.4 dB of the standard.

After the preccding calibrations were completed, the hydrophones were instailed in the
array cable by NORDA p:rsonnei. The entire array was then shipped to the USRD Leesburg
Facility for final calibration. Figure 34 shows a typical response curve for an H78A hydro-
phone in the array. Calibration data fur each hydrophone in the array are given in USRD
Calibretion Regort 4467.
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Fig. 3¢ — Typical free-field voltage sensitivity of a
VEKA I-A hydrophone

USRD TYPE H78D) HYDROPHONE

During the developnient of the VEKA 1 hydrephones USRD was tasked by NORDA
to develop a small, inexpensive hydrophone for future arrays. I'ne hydrophone population
of future arrays is expected to double or quadruple the present array popuiation; thus a
reduction in cost is very desirable. A small hydrophone obvicusly presents a smaller bulge in
the cable and is less vulneiable to damage during deployment of the array. It is desired,
however, that the capabilities of the hydrophone be compromised as little as possible, even
though size and cost reductions will require some compiomises.

Description

Figure 35 is a sectior.al view of the hydrophone designated as 1JSRD type H78D. The
hydrophone boot is an electrical-grade butyi rubber (USRD compound 712821). In the end
of the boot is an oil-fill hole; the metal por. is vulcanized and bonded in place. Four rubber
tips are molded integral with the boot and allow the hydrophone to be snapped into a cone
adapter. The crystal ascembly is sirilar to that of an H78A but sraaller, with aluminum
oxide caps on both ends. The crystal materia! is a type Il ceramic. A current-inode pre-
amplifier identical to the H78A circuit is enclosed within the sensor assembly. A castable
RHO-¢ elastomer potting forms the cable gland and permanently sealy the hydrophone
hoot.

39
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Fig. 36 — Sectional view of a USRD type H78D hydrophone: (1) connector, (2) potted
cable assembiy, (3} aluminum oxide end cup, (4) ceramic sengor, {5) butyl rubber boot with
integral mounts, (6) caster oil, (7) preamplifier, and (8) oil-fill serew

It is assumed that VEKA 1 will provide 21l the data necessary te allow a sealed non-
seenierable hydrophone in future arrays. Therefore the 178D is not reenterable, which
eliminates the major machine parts with O-ring - arfaces as found in the A model. The
aluminum oxide caps can be obtained from the manufacturer at a moderate cost. A large-
quantity purchase would offer significant 2ost reduction.

In comparison with the H78A model the H78D model is 46% smaller by volumme, 17%
smaller in diameter, and 21% shorter in length, A significant reduction in size has been
achieved. The diameter-to-wall-thickness ratio of the crystal has been increased, which makes

the hydrophone more susceptible to high stress, put the materia! was changed to the more
stress-resistant type Iil ceramic.

Four radially polarized rings with a 2.22cm 0.d.,a 1,76cm i.d., and a 0.963-cm length
are bonded together and electrically v.ired n series to form the sensor assembly. The theo-
retical sensitivity of a single crystal is ~196.4 dB re 1 V/uPa; for four crystals in series M, =
—184 dB. The capacitance of a single 2lement is 2300 pF and of four elements in series is
575 pF. The sensitivity and cupacitance compare favorably with those of the E78A, the
sensitivity being 1.5 dB less and the capacitance 4-1/2% less. This makes the noise floor
about 2 dB higher than that of the H78A.

Table 8 shows the culibration data of the H78D hydrophones having serial numbers 1
and 2. Measurements were made in the USRD System J.
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. Table 3 — Results of Calibrating JSRD Type H78D Hydrophones in System d {
‘{ (Temperature = £°C)
b [~ = ] O T 1
. Fl‘e(_l'-FleldA 7Vﬁoltage Sensitivity (—dB re 1 V/uPa)
Frequency Serial No. 1* ~ Serial No. 2*
(H7, 0.689 345 | 689 0.689 34.5 68.9 !
; MPa® MPa MPa MPa? MPa MPa
i 5 2084 206.1 210.8 203.6 205.1 211.7 :
i 7 2015 204.0 ' 208.7 201.6 293.5 209.8
i 10 1926 201 9 206.9 1894 201.3 2076
| 20 197.5 199.1 2032 197.2 198.7 203.3
i 50 196.5 197.7 2005 196.2 1974 200.3
' 100 | 1963 1974 1999 196.1 197.2 199.5
f 200 1663 157.3 1699 126.0 197.1 1907 4
b 500 196 .4 197.6 1999 196.: 197.2 199.7 ;
E 800 196.5 1976 199¢ 196.3 197.3 19¢.7 i
; 1000 196.5 197.6 199.9 195.3 197.3 109.7 %
E 1200 196.5 197.6 1999 ; 195.3 197.3 199.7 ;
! - i
El *Voltage across a 40.2-0 resistor in series with the low lead to ground. i
b ¥0.68% MPa after 68.9 MPa repeats within £0.2 dB. ]
g : : Cone Adapters

The cone auapters for the D mcdel represent a significant cost reduction and are much
simpler than previous models. Figure 36 shows a D-moc el hydrophone in its cone adapter. A
small section of schedule-40 PVC pipe 3.81 ¢cm (1-1/2 in.) in diameter serves as the radial
strength member and hydophone mount. The rubber cones snap into a groove in the pipe as
shown, or they can be designed to slip over the outside of the pipe and clamp in place with a
band. Both designs were evaluated, and the {atter is the least expensive, because it requires
less machining. The hydrophkone slips taio the pipe and the four rubber tips (Fig. 36) are
engaged by the four holes, Other holes can be put into the wali of the pipe to aid in flooding
the assembly.

-t R YRR s 1 b

Fo—- 10 (10 o

i TAm T ey T Y T T

Fig. 36 ~ H78D hydrophone with cone sdapters
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Comparison of an assembled set of the D-model cone adapters with the MABS adeapters
and VEKA I-A adapters is shown in Table 9. Mass and size have been sigrificanily recucea
in each new generation. Obviously the acoustical performance has been enhanced with each
new generation, as there are fewer axtraneous materials in the sound field.

Table 9 — Comparison of MABS, VEKA I-A, and D-Modei
Cone Adapter Sets

Adapter Mass Length Diameter
| Set (kg} (cm) (cm)
MABS ~3.8 ~124 16.2
VEKA | ~1.6 = 81 76 !
D Model =0.6 51 5.0 N

H78 VOLTAGE-MODE PREAMPLIFIER

The criginal design for the {78 hydrophone preamplifier was a voltage-mode device.
The finai design was a current-mode circuit. The difference is that in a voltage-mode pream-
plifier the output signal is in the form of a varying voltage wkereas in a cwrent-mode device
the output signal is a controlled ac current. Either design: car use a two-wire cable, but a
current-mode preamplifier can be terminated in a very low i npedance whereas the voltage-
made device must be terminated in a high impedance. Cabi: resistance will not affect the
output of a current-mode oreamplifier, but it will attenuate the output of a v-ltage-made
device (cable capacitaiice affects both outputs). Self-noise is generzally lower in a voltage-
mode design than in a current-mode design.

It was felt that crosstalk at the end of the VEKA cable would be excessive if the cable
wero terminaced in high-nipedance loads. Hence a current-inode preamplifier was ultimately
used in the VEKA project. A simplified version of the abandoned voltage -mode preamplifier
1s shown in Fig. 37. In this configuration. supply current originates at tke load supply E..
It is regulated as shown to a conastant value, Idc' This current, which is unaffected by cable
length, reaches the preamplifier and divides itself among ampiifier Al, line driver A2, and
zener diode CR1. Zener CR1 establishes the dc supply voltage V. for the preamplifier, The
audio output signai is coupled by C1 and C2 to the load. The current regulator producing
1. appeass as an open circuit to this audio signal. The signal is loaded, however, by R1 and
R2. To avoid significant losses in the cable, R2 must be much ¢ ~eater than the cable resis-
tance. Resistor R1 must also be large to avoid excessive loading of A2,

One experimental voltage-mode preamplifier was used in the VEKA array (H78C). It
was a USRD .ype-H80 preamplifier which differs somewhat from the original VEKA design
described here. It serve:d to compare voltage and current modes of operation in the array.
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Fig. 37 — Simplified diagram of the voltage-mode preamglifier, 1ater abandoned

CONCLUSION

A major objective of VEKA I-A is to provide a wide- serture system with increased
reliability, versatility, and performance. The approach was to specifically desizn hydro-

phones ii.at are made an integral part of the cable during fabrication. The VEKA with the

H78 hydrophones and the SARA are expacted {5 provide important information for further

development cf multipwrpose, free-flooded, distributed sensor systems viith Kevlar strength
members.
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Appendix A

CALCULATIONS OF SENSITIVITY AND CAPACITANCE
OF VARIOUS PIEZOELECTRIC SENSORS

DEFINITION OF TERMS

Symbols to be used in this appendix are defined as follows:

M, = free-field voltage sensitivity in dB re 1 V/uPa,
e = open-<ircuit voltage,
P, = incident sound pressure,

833-83; = piezoelectric voltage constants in V-m/N (Table Al),

K3Tq = relative dielectric constant (Table A1},
€0 = permitiivity of free space,
C = capacitance,
t = thickness between electrude surfaces,
a = inner radius,
b = outer radius,
D = a/b = ratio of the inner radius to the outer radius,
A = cross-sectional area of the electrode surface,
' = length of the cylinder,
Table Al — Piezoelectric and Dielectric Constants for Several Materials
] 2 £ T
i 31 31 K

Material (10-3 V-m/N) (1073 V-m/N) 33
| Lithium Sulfate - 148 10.3
I Lead Metaniobate — 45 36.0 250
! Type 1 -1C.7 24.5 1300
;. Typell -11.2 24.5 1750
{ _Typelll 1 S22 S SV .7 S 1000
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DISK OR PLATE

Lithium Sulphate

The free-field voltage sensitivity of a lithium sulphate disk of thickness t, when the
sound pressure is impinging on all surfaces and the size is small in comparison with a wave-

length, is
e

T = gaa t.
P, 33

(Al)

If t = 318 X 1073 m (1/8 in.), then

e
po = 0.148(3.18X 10°%) V-m?/N,
0
and if Py = 1 pPa (107® N/m?), then
e = 47X 10710 v upa,

so that M, = 20 log 4.7 X 10710 = -186.6 dB re 1 V/uPa. If the crystal has a radius of 1.27 X
10°2m (1/2 in.), then the capacitance is

C = €43 Ajt = 885X 10" 12 KT, Ayt (A2)
50 that
C = 14.6 pF.

Lead Metaniobate

For a lead metaniobate disk the sensitivity is

Pe_o = (g33 + 2g31)t, (A3)

and if ¢ = 6.35 X 10" m (1/4 in.) and P, = 1 uPa, then
e =1.71X106710 vy upra,
so that
M, = ~195dBre 1 V/yPa.
The capacitance is given by equation A2, If the disk .1as a radius of 1.27 X 10~2 m, then

C = 177 pF.

46
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CAPreD CYLINDER

The sensitivity and capacitance of a specific radially capped cylinder are pr sented in
the main tex. of this report; therefore - nly the equations are presented here (equations 1
and 2 of the main text):

/-
£ e 2+p
P, b[gas \ 1+ p) * 831 (1 + p)] (A4)
and
27 €49 ) (45)
e ©
SPHERE

The free-field voltage sencitivity of & céramic sphwere has been derived by Anan’eva”:

{ 2 2
e . b pi+o0-2 _gitp+4 )
P, T pPepel 2 833 o &) (A6)

FOI;& type T ceramic of outside radius & = 1.27 X 10”2 m and inside radius a = 0.95 X
167“m

€

P 1197 X 1070 v uka
4]

[}

and if PO - ok sy W)
M, = —198.4dE re 1 V/uPe.
The capacitanc: of a sphere is given by

47 €45 ab 4r € K§3 ab A7
C= poa = b=a (A7)

so that

C = 5508 pF.

—_—

*A. A. Anan’eva, Ceramic Acoustic Detector, Consultants Bureau, New York, 1966, p 56.
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Appendix B

H78A REPRODUCIBILITY AND MATCHING

In a greup of hydrophones constructed to identical specifications, any variability in
sensitivity can usually be attributed to the sensor. Careful design and construction of the
preamplifier can make the ceramic element the dominant factor. Differences in the piezo-
electric constants g4, and g4, of the ceramic material and, to a lesser extent, the dielectric
constant are the major causes of variability . Unfortunately slight differences in the ceramic
composition and production techniques can cause the characteristics of ceramics to differ
not only from one manufacturer to another but also from one batch to another by the same
manufacturer.* Even crystals pressed from the same batch but fired in different furnaces
can show significant variations.

Not explicitly siated in t.ie VEKA hydrophone specifications, but certairly implied by
the nature of the wrray, is that the sensitivity and overall response of the hydrophones be
identical within practicai limits. To accomypiish this, the first step is to ¢ otain the required
crystals from one manufacturer and from the same batch. Dimensional tolerances can he
held close to increase nniformity, especially in the capacitauce. in lieu of actual calibration
of each svnsor element and sing o ensitivity-capacitance product as a figure of merit,
normalizing the cupacitance between eacn sensor stack is the next best appreach.

Tk oty-six H78A hydrophoanes we.e required for the program (32 in tho array with four
spares), or 144 (ndividual crystal eleinents. To fill this need, 160 radially polarized cylinders
of type | ceramic were obtained from Channel Industries, Santa Barbara, California. Eighty
elements polarized positive on the inside electrode and 80 polarized negative were purchased.

Eacl* cylinder was assigned a serial number; then the capacitance of each was measured
using a General Radio 1615-A capacitance bridge, and the values were recorded. Of the 80
positive clements the mean capacitance C was 2355 pF with a standard deviation o of 37 pl.
For the 80 negative ¢lements C was 2340 pF with ¢ = 40 pF. The capacitances of all the
eiements wer2 within *30. The standard deviation was calculated using the formula

N
- — 1/2
Z oo |
o= —x=7—| - (B1)

where C, is the individual crystal capacitance, C is the mean crysial capacitance, and N is the
number of elements.

*R.w. Timme “Low Electrizal Field Characteristics of Piezoelectric Ceramic Rings,”” NRL Report 7528,
5 Jan. 1973 (AD-907,0581.).
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After the capacitance was measured the elements were arranged or ranked in two rows
according to ich capacitance value, with the 80 negatively po'arized elemer.t- in one row
and the 80} sitive elements in anotner. Sincz 144 eleinents ware required to .omplete the
&6 hydrophones, the four extreme minimum capacitance elements and the four extreme
maximum capacitance elements wcre removed from each row, leaving the required 144 ele-
ments. The elements for each sensor assemnhly were ther selected by taking twe minimum
capacitance negstively polarized elem-nts and combining them with two maximum capaci-
tance positively polarized elements as shown in Fig. B1. The selection process was repeated
until all elements were ded:cated to a specific nssembly.

P0SITIVE ELEMENTS

/) / /) /O o (o} (o) o

vyl e

—r .- >

STACK §< sTaCK ere ©=3
. . o
Nl = 3

~ (' \:_i
\\ o o o) o] o
c

o
MAX MIN

NEGATIVE ELEMENTS

Fig. B1 — Crystal sclection process

e

With use of the measured capacitance of each element and the series capacitance for-
mula, the cxpected capacitance for the 36 sensor azsemblies wus calculated. The calculated
mean assembiy capacitance was 588 p# with 0 = 1.0 pF. The calculated capacitance range
was from 567 to 589 pF. The small o indicates that the method of selecting and combining
the elen.2nts effectively normalized the capacitance between sensor assemblies.

BT RIS

After the crystal elements were bonded together and appropriately wired, the measured
mean capacitance of the 36 assemblies wes 631 pF with o = 6 pF. The measured values weze
higher than the calculated values because of stray capacitarce aad fringing between the
asseinbled elements and because of the addition of electrode wires. All Lne asseiabled sensors
were within 20 of the measured mean capacitance, with the measured capacitance ranging
from 622 to0 641 pF.

To further increase uniformity of vhe H78A hydrophones, car. was taken in their as-
sembly to insure that all of the hydrophones v 2re of the same electrical phase. This was done
by checking to see that the polarity marks indicated by the manufactur-r on the crystals
were true and by carefully observing the marks during sensor assembly. The assembled sen-
sors were tl.en “‘squeeze™ tested, and the direction of chaige polarity was observed on an
electromete.. Observation of the electrical phase at the output >f the hydrophones, during
calibration in the G40 caiibrator, served as final test of uniformity.

49
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Appendix C

H78B CURRENT-MODE PREAMPLIFIER

The preamplifier used in the H78B hydrophone i3 shown schematicrL - ir. Fig. {'1. this
circuit is ideatical to that of the H78A preamplifier (¥Fig. 7) except for the addition of a
special calibration circuit consisting of components IS1, R2, R3, and R4. Only the calibra-
tion circuit will he explained here, since the remaining circuitry was described in the H78A
section of the main kody of this repot.

H 788 naBLE | SARA

1] 1

R ! oA .36

B P> >
H |
L ! !
| g b

€ i ' {

T T P
i Si B ]
’l "l 5 P
[ 5 1 ; :
| R4 Z Isi ] |vl ' H
i < ) .
I —\I/- CR4 i E
Y ' i

Hi Hi -
caL caL SARA CAL SIGNAL
e GENERATOR
R4 |SECECT AT TEST ! 1
A3 __| /00K CR3,CR4. 2N 929
R2__1249.° T CcR2 1 /INBE3ZD
[ R7ISFLECT-ATTEST Rl [IN5306
¢3__|00684F | o7 2N dioF
CZ_|394F, 10V 75/ 15082-4350
[ 68 uF 15V |4 _|782T

Fig. C1 — Schematic of the 11732 hydrophone preamplifier
showing the interface to SARA (cue chaunel)
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Comiporent :S1 is an ouptoisola or. Pins 2: nd 3 ave connected to the anode and cath-
ode respectit ely of an intemal lighi-emitting d, de (LED). Optical coupling within 1€1
enaiies current flc wing ‘nto the device a' pin 2 Lo be proportionally transfeired to outpat
pins 5 o~ 6 while inaintaining electri.al isolation between input and output,

The SARA cha :is coricains a special circuit for generating a cahibration sigial (Fig. 19).
“'his signal generator delivers a controlled current I, througn a dedicated wirz: pair to the HI
CAL and LO CAL terminais of the preamplifier. “urrenu J, has a d¢ bias component and an
ac cignal corapo. ent. The latter is proporticnal 1o the CAL INPUT voltage V; supplied by
the user. Tha cuntrolled current [ flows through the input LED of optoisclater 151. The dc
component serves to bias 151 into the Linear vortion of its transfer characteristics, The ac
comp anent is conuverted to an a‘; calibration voltage across RZ. This is counled through Y1
into the preamplifier, simulating an acous. caily produced signal. Resisicr R4 is a sclectable
trimmmer for [0' The cireuit is designed sc that many identical units can be place in series
and stimulated by the single calibration signal'V;, although only one H73B was used in the
VEKA I-A array. A more detailed description of the SAR A calibration signal generator cir-
cuit was given in conjunction with Fig. 19. Takle 1 shows typical performance of the cali-
bration portion of the H78B <ircuitry.

Table C1 — Typical Performance of the Calibration Circuit in the
HT7&E Preamplificer

~Conditions: T
Calibration sigr.al generator ac input: 3.5 Vrms
Calibration signal generator dc output: 0.63 mA dc
Frequency: 400 Hz
Temperature: 25°C
Resultant voltage acress 112: 60 mV 1ms
Distortion: _ ) less than 1%




Appendix D

ALTERNATE CALIBRATION METHOD

Early in the developmental phase of the VEKA array project the Acoustics Division of
NRL requested that USRD investigate the possibility of placing an on-board signal scurce
with each hvdrophone that could be switched in to calibrate the hycrophone. Switching
from the acoustic mode to the calibration m-de was to require no additional wires in the
VETIA cable. Although the VEKA preamplifier design had not been defined at this pcint, it
was known that it would be a two-wire device; that is, the preamplifier supply cwrent, out-
put signal, and any necessary switching would have to share a single wire pair. This appendix
will describe the scheme that was developed as a result of this study. (The reauirement for an

on-board signal source wes later dropped, so that this circuitry was not used in the VEKA
array.)

For the purposes of ‘ie investigation the g2neral hydropnona/preamplifier contigura-
tion shown in Fig. D1 was envisioned for VEKA, It operates as follows: The d¢ supply cur-
rent oxiginates at the Joad supply E . I! flews throuzh R1 ana R2 to zener divdes CR and
CR2. Diodes CR1 and CR2 form a voltage regulator thay produces the de supply ~oltage V

for preamplifier circnit A1, The audio sutpul of Al passes through apacitors C1 and C2 io
the load.

. GN- BCARD SIGNAL . . |
[f— T SOURCE aND SWITCH «———stv PREAMPLIFIER — ———¢} - CABLT -~ L-5AD o
' ' |

| o I

LONTRC,. '\J\ L‘_

S g “:11 L] ' Tc“_i, - 'L i—>e
[S"GNAL I MV ) Al _“"” a - o -
SCURf = ' —R-—
. e S% [

f4 ’ CR2

S

Fig. D1 -~ General t wo-wire hydrophane svzamplifier system with an on-beard sign- " source
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A signal source within the hydrophone, an on-board signal source sucn as an oscillator,
is controlled by relay 81. When S1 is in position A, power is applied to the signal source,
and its output is connected through R3 and R4 to Y1. Thus the on-board signal is voltage-
divided and placed in senies with % 1; this precise input signal allows the hvdrophone to be
calibrated. When 31 is in position B, power is removed from the signal source. Also, the low
end of Y1 is connecied through R4 tu ground. The hydrophone and preamplifier now oper-
ate in the normal acoustic mode. Placing R4 in series with Y1 is not detrimental, since the
input impedance of A1 would be much greater than R4. There are several other ways of
switching the signal source in or out, but the fundamental problem is finding a means of
stimulating relay S1. This can be done as follows: As shown in Fig. D1, the circuit contains
two switch sections: S1A and S1B. Both sections switch from positicn A to B or vice versa
simultancously when stimuiated by the controi unit. The control unit causes S1A and S1B
to switch when V_ goes to zero. This occurs whenever the user remcves power at £, . For
example, suppose S1A and S1B are in position A, the case shown in Fig. D1, and that power
is on (supply voltage present at £ ). Now the user turns the circuit off by removing the
supply voltage at I'Idc. Vhen this happens, S1A and S1B are switchea to position B. They
will remain in this position when power is next applied. If power is removed again, they will
return to nasition A and remain there when power is reapplied. Therefore the user can con-
tzol the switeh from the end of the two-wiire cable merely by removing and reapplying
power.

The conwrol unit and relay were given the name “magnetic flip-flop™ by USRD. (A
patent application submitted for the magnetic flip-flop has been assigned Navy Czse No.
62.151.) A detailed deacription of this device will now be given.

Figure D2 is a schematic diagram of the magneiic {lip-llop. The conirol unit comprises
resistors R1 and R2, capacitors C1 and C2, diodes CR1 and CR2, and relay K2. Relay K1
contains the switch sections 31 A and 31B. Relay K1 is a double-pole, double-throw (LPDT)
magnetic latching r-lay "vith internal diodes as si,own in Fig. D2. Relay K2 is a single-pole,
dcuble throw (SPDT) relay in which the ncrmally closed (NC) contacts are used. K2 also
contains internal diodes, as show . in %ig. D2, but it is not a latching relay. K2 will operate
(switch {0 an open coadition) whenever aderjuate voltage is applied to its coil. In this appli-
cation K2 is rated to operate at the VcC potential, However, it will actually operaie at
approximately (1/2)V_ and can then be sustained in the open condition with only a few
volts. The circu* works as follows:

8 Assume switch sections S1A and S1B to be in position B, as shown in Fig, D2. Alsc
assume that V . = 0. Therefore, 52 is closed, and capacitors C1 and C2 are com-
pletely discharged through S2.

® Now assume that power is applied to the circuil. As V.. begins to rise toward its
nominal value, current begins to flow through R1 and coil A, and C1 begins to
charge. R1 is chosen so that the voltage across coil A is not enough to operate K1.
As V__ continues to rise, S2 opens. Then there is no current flow through coii A,
and C1 charges to the full value of V..
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® To cperate K1, V. is removed (by replacing E ;. with eitl:er an open circuit or a
ground). Capacitor C1 hos no discharge path until S2 closes, and this occurs only
vhen V__ is within several volts of ground. When 82 closes, C1 discharges through
coil A and S2 to ground. This operates K1, switching S1A and S1B from position B
to pusiticn A. K1 is now latched in the new state.

& The procedure when power is next applied is as described above except that C2 is
charged. When V__ is rcmoved, C2 discharges through coil B, switching S1A and S1B
back to position B.
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Fig. D2 ~ Magnetic fl:p-flop
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3 :
: The circuit of Fig. D2 provides the desired switching functions o1 Fig. D1 without any
} additional wires in the hvdrophone cable. Switcihing from position A to B or vice versa will
always occur upon removal of power from the circuit. In the VEKA application one might

wish to have a means of forcing the magnetic flip-flop into a known state, say porcition A.
This would he useful, since there might be many of the {lip-flops in use. Tlie addition of five
components, as shown in Fig. D3, accomplishes this. The new components are CR3, CR4,
CR5, R3, and transistor Q1. In normal operation, CR 3 and CRS are backbiased, and Q1 is
switchad off. The circuit then operates normally, as described above.
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Fig. D3 — Modified magnetic flip-flop
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To force K1 to position A, the operator merely reverses £, and ground (Fig. D1). Al
of the ground connections in Fig. D3 then become V.. and all of the Va connections
become grourd connections. When this is done:

® Relay K2 is not oparated, so S2 remains cle.ed;
® Transistor Q1 is turned on, clamping its collector at a potential near ground;

© Current flows througn CRS5, coil A, Q1, and CR3 to ground, latching K1 to position
A;and

& When power is next applied in the noimal fashion, without reversing V__ and ground,
K1 will be in this state.

The purpose ¢f aiode CR3 is to prevent breakdown of Q1’s base-emitter junction when
the circuit is connected normatly with no power reversal, The purpose of CR4 is to avoid
chorting V . ‘o ground via $2 and Q1 when reversing the power supply.

The basic circuit of Fig. D2 contains only eight comnonents. Relays K1 and K2 arc
cach housed in small TO-5 transistor-type enclosures. The circuit could be manufacturered
as a potted reodule. The five additional compenents of Fig. D3 are optior 1 and would add
littie to the module size. It is feasible to place ali of the components of Fig. D3, exclading
the reiays and capacitors, into a single hybrid circuit. Operation of this device depencs only
on the lovel of Ve It is affected neither by the length of the hydrophone cable nor by the
rise and fall timesof V.

Under certain conditions the circuit of Fig. D2 can be simplified by removing relay K2
and resistors R1 and R2. This is porsible if power is removed by rapidly replacing V. with a
low impedance to ground. Then X2 could be nmitted, and point P of Fig. D2 would be con-
nected directly to V.. With R1 and R2 omitted, S1B contacts B and A would connect
directly to CR1 and CR2 respectively.

The magnetic flip-flop circuit of Figs. D2 and D3 was tested successfully as a bread-
board. A V. of 2.1 V dc was arbitrarily chosen for the study but is not critical. With com-
ponent changes the circuit will operate using other valuesof V.
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Appendix E

VEKA I-A PROTOTYPE CABLE

A 14-m length of VEKA 7-A prototype cable was furmished to USRD by NORDA 1or
evaluation and to aid in the development of the hydrophones and cone adapters. The cable
has 48 twisted pairs of No. 24 AWG stranded copper wire with 0.3-mm-thick (0.010-in.-
thick) polyvinyl insulatior . There are eight strands of braided Kevlar with six twisted
pairs of wire in each strand. The Kevlar strands are braided together in a two-under, two-
aver pattern, and the assembly is overbraided with a polyester jacket with strum-suppressor

fairing.
Figure E1 is a photograph of a section of the prototype cable wita a portion of the

polyester jacket removed. Figure E2 shows a closer view of the cable with one of the
Kevlay strands pulled back to expose the wire pairs. Figure E3 is an end cress-sectional

view of the cable,

Fig. E1 — Section of prototype cable with portion of polyester jacket removed
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Fig. E2 — Close-up view of cable with one of the Kevlar strands !
pulled back to expaose the electrical concductors
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Fig. E3 — End view of cable construction
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Appendix F

ANALYSIS OF VEKA I-A CABLE FAILURE

During the hydrophone preamplifier development phase, when t1e 178B hydrophone
preamplifier had been tentatively chosen for use in the VEKA array, the Acoustics Division
of NRL requested that USRD analyze the effects of a single failure in the VEKA cable. The
cable failures to be considered were the opening of any single conductor and the shorting of a
any single conductor to any cther conductor. The shorting modes to be considered weie a
direct short and a short through seawater.

The results of the failure anaiysis are given in Table F1. Figure C1, the H78B pream-
plifier schematic, is a diagram of a single hydrophone channel showing cable conductors A,
B, HI CAL, and LO CAL. In Table F1 subscripts are used tc identify conductors for differ-
ent channels. Although 1 and 2 are the only subscripts used, they do not necessarily denote
channels 1 and 2 only; they denote any two channels. For example “B; shorts to LO CAL,”
means conductor B in one array channel shorts to the LO CAL conductor in another chan-
nel. “A, shorts to B, ” means that conductor A in one array channel shorts tc conductor B
in the same channel.

Table F1 — Effects of VEKA Cable Failure

Short-Circuit
Mode

Failure Mode Direzt Through Effect
H,0
—1._.-\] opens Channel 1 is lost; other chan-
nels are unaffected.

2.8, opens Chaunnel 1 is lost; other chan-
nels are unaffected.

3. HI CAL; opens ‘I he calibration function is lost
for ail channels.

4. LO CAL, opens The calibration function is lost
for all channels.

5. HI CAL; shorts to LG CAL, X The calibration function is lost!
for channel 1 only; other
channels are unaffected.

6. HT CAL, shorts to LO CAL, X Channel-1 calibration output
signal may become distorted
I due to the shunting effect of
ssawa'er; other chaanels are

' unaffected.

Table continues.
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‘Table F1 (Continued) — Effects of VEKA Cabhle Failure

Failure Mode

Short-Circuit
Mode

Direct Through
H,0

Effect

O

10.

11.

12.

13.

14.

-Ay shortstoB)

. Al shorts to B,

A 1 P -
- Ay snorLs 1o A2

A, shorts to 32

A1 shorts to B2

A, shorts to Hl CALI,
LY CAL,, HI CAL,, or
LO CAL,

4, shotts to HI CAL,
LO CAL,, HI CAL,, 'or
LO CAL,

B1 shorts to B2

X

Channel 1 is lost; the receiver
input resistor for channel 1
will burn out unless the fuse
blows on the +36-V dc power

supply.

The dc level at the input of
receiver chiannel 1 rises or is
erratic; if it is erratic, the
erraticity will appear (ampli-
fied by 67 (B) at the output
of receiver channe! 1.

Some slight crosstalk appears
between the channel-1 and
channel-2 outputs.

Similar to item 7; channel 2 is
lost, und the input resistor of
receiver channel 2 possibly is
damaged.

Sicnilar to item 8, except that
channel 2 is affected,

At least one of the calioration
LEDs probably opens, elimi-
nating the calibration function
for the whole array, but the
ar.ay still operates acoustically

Some or all of the calibration
output signals possibly become
distorted, but the array still
operates acoustically.

The channel-1 snd channel-2
output signals become mixed ..

Tabie continues.
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Table F1 (Continued) — Effects of VEXA Cable Failure

Failure Mode

Short-Circuit

Mode

Direct

Through
H,0O

Effect

15. B, shoris to HI CAL,,
LO CAL,, HI CALy, or
LO CAL,

16. B, shorts to HI CAL,,
LO CAL,, HICAL,, or
LO CAL,

17. HI CAL, shorts tc HI CAL,

18 HICAL, shorts to Kl CAL,

19. HI CAL, shorts to LO CAL,

20.1il CALl shorts to LO CAL2

X

1f the short occurs electrically
close to the —45.V dc level on
the calibraticn line, the
channel-1 transmitter and
receiver both become
damaged; also, the calibra-
tion line probably fails, as in
item 12,

If the short occurs electrically
close to the —45-V dc level on
the calibration line, the
channel.1 transmitter possihly
is damaged; the channel-1
receive signa! possibly
becomes erratic, and the
calibration signal outputs
possibly become distorted.

The calibration fuaction is lost
for all channels bypassed by

th 2 short, vut acoustic opera-
tion remains normal,

The calibration function be-
comes distorted for all chan-
nels bypassad v the sho't, but
acoustic operation rernains.
normal,

The calibration function is lost
for all channel, Lypassed by
the short, Lut acoustic ope.a-
tion remains normal.

The calibration function be-
comas distorted for ail chan
nels bypasced by the short, but
acoustic nperation remains
normal.
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able F1 (Conciuded) — Effects of VEKA Cable i'ailure

-

Failure Mode

Short-Circuit

Mcde

Direct

Through-
H,0

Effect

21.LO CAL, shorts to LO CAL,

22.LO CAL, shorts to LO CAL,

X

for all channels bypas:ed by
the short, bat acoustic opera-
tion remains normal.

The calibration function be -
comes distorted tor all chan-
nels bypassed by the short, but
acoustic operation remains
normal.
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